Artificial intelligence involves a wide range of smart techniques that are applicable to medical services including nuclear medicine. Recent advances in computer power, availability of accumulated digital archives containing large amount of patient images, and records bring new opportunities for the implementation of artificial techniques in nuclear medicine. As a subset of artificial intelligence, machine learning is an emerging tool that possibly perform many clinical tasks. Nuclear medicine community needs to adapt to this fast approaching smart era, to exploit the opportunities and tackle the problems associated with artificial intelligence tools. It is aimed in this editorial to outline the potentials and challenges of artificial intelligence applications in nuclear medicine.
Background
Artificial intelligence (AI) fueled by increased volume of digital archives containing "big data" (actual patient images and records), powerful computer technology (thanks to advances in the microelectronics, computer vision, and pattern recognition), and cutting-edge learning algorithms has just become a reality in healthcare. AI has been a topic of interest since the 1950s, but its application in healthcare has been progressing from theory to practice in the last decade. There are several different definitions of AI, but in its simplest definition, the capability of a computer program to think, learn, react, adapt to solve problems, and perform reasoning like a human. Extracting clinically meaningful quantitative features from medical images is called radiomics. It can give valuable diagnostic and predictive details of tumors. Radiomic workup can be experimented in all medical disciplines for different biological phenomena but most of the radiomics research efforts have been reported in oncology [1, 2] . Radiomic work even in a single image requires time-consuming calculations and statistical analysis, and its potential has therefore not been exploited fully. AI techniques using radiomics would potentially excel as a clinically valuable tool for detailed decision support in precision medicine. If radiomic features can be correlated with genomic data through AI techniques, it would provide more precise radiogenomic results.
Computer-aided lesion detection (CAD) is a technology that has been used for a long time in some imaging technologies. AI should not be confused with CAD, which was designed to perform a standard, specific task using predefined criteria with no ability to learn from the data it has been dealing with. Theoretically, AI is able to perform several tasks in a "smart" fashion mimicking human cognition. There are several techniques of AI [3, 4] . Machine learning (ML) is a subset of AI in which the computer ("the machine") has the ability to learn from the data that it has been exposed to without prior programming. It can work either in a supervised or unsupervised way.
In imaging practice, the ML program can be "trained" by annotated cases (including real patient images, reports and records with known outcomes) and learns to predict the diagnosis of new cases (supervised learning) [5] [6] [7] [8] . A supervised learning algorithm can learn and modify itself to solve the problem by reasoning through predefined criteria with little This article is part of the Topical Collection on Advanced Image Analyses (Radiomics and Artificial Intelligence) or no human intervention. It requires large amount of labeled (structured) data to "train" the program so that the ML program can successfully manage by using data science techniques, the variations commonly seen in human studies. Supervised machine learning is potentially applicable to most of the routine patient images by training the computer with the digital patient archive created in the last 2-3 decades (thanks to DICOM and PACS).
The AI program can also learn itself from a set of unlabeled (unstructured) data without known outcome and create its own model of intelligence to solve the problem without prior training (unsupervised learning). In unsupervised learning, a set of unlabeled data without predefined criteria is enough for the computer to recognize the pattern and the problem.
Artificial neural networks (ANNs) are one of the examples of supervised machine learning (although there are some ANN algorithms that do not involve supervised learning). It is not uncommon to see that deep learning, deep neural learning, and deep neural network are interchangeably used in ANN texts despite the fact that there is nuance in meaning in computer science. ANNs can use a multilayer network similar to neural network in human brain to solve the problems. The most commonly used multilayer neural network in medical AI tools is convolutional neural network [9] .
Despite great achievements in its theoretical and experimental applications, AI is yet at a preliminary but fast growing phase in practice [5] . Significant investment has been made in AI research and development efforts by giant companies, and therefore, rapid expansion of its applications in medicine is expected.
Currently, one of the most popular area of AI applications is the healthcare with the ultimate aims of increasing the quality of care, decreasing the cost, optimizing the workflow, achieving more efficient individualized care and precision medicine, and decreasing the need for human workforce in this most costly service sector in the world with an ever ageing population. There are many AI algorithms claiming to serve almost in each medical discipline [10] [11] [12] [13] [14] [15] [16] [17] [18] , but initial efforts were heavily directed to diagnostic radiology which has many monotonous repetitive tasks in daily practice including diagnostic assessment of screening mammography and chest Xrays in which AI could easily separate "normal" from "abnormal." With the newer algorithms, AI is experimented in solving more complex problems and sophisticatedly assessing more detailed diagnostic studies including computed tomography and magnetic resonance imaging. There is now a growing body of literature detailing the use of AI in several qualitative and quantitative radiological tasks [5] [6] [7] [8] . The ultimate impact of AI on radiology profession as a whole in near and far future is therefore a hot topic in radiology community [19] . There are two opposing views in medical community about the impact of AI technologies on medical profession (Fig. 1 ). In the pessimistic view, AI is seen as a threat to our professional future and a rival to medical professionals while in the optimistic view; AI is expected to support medical professionals in their daily tasks.
Surprisingly, despite a large portion of its daily routine is devoted to high-tech diagnostic imaging, there have been fewer efforts of AI in nuclear medicine. Advanced AI efforts are progressing towards performing the complex tasks which have currently been done by "human" nuclear medicine physicians. AI techniques have been experimented in brain studies and oncological imaging [20] [21] [22] . Also, involvement of AI in diagnostic radiology will eventually influence Nuclear Medicine practice and research, at least through AI-assisted CT and MR applications in SPECT/CT, PET/CT, and PET/MR hybrid imaging [5] [6] [7] [8] . Nuclear medicine professionals should therefore have to learn how to deal with and make the most of AI tools and also how to manage their impact on our practice. This special issue of EJNMMI is rightly and timely devoted to AI and radiomics in nuclear medicine.
AI and radiomics are the titles of new age smart technologies that are the products of long-lasting efforts and cumulative knowledge. It is therefore impossible to cover the entire pool of knowledge and experience in AI in this single issue of EJNMMI. The basics and emerging applications will be described in this issue. For the readers interested in more technical details, there are several more specific texts in computer science literature.
Potentials
It is now time for nuclear medicine community to discover the opportunities and tackle the challenges that will be created by AI. Data mining is one of the potential uses of AI to organize and classify the huge amount of patient records ("big data") stored in our digital archive. The data obtained by image mining using AI techniques can potentially be used for statistical analysis which could be helpful for both routine practice and research. By natural language processing, AI program can even be trained to convert the narrative patient reports and records stored in digital archive to a more machine friendly format that could be further processed statistically and analyzed to train itself or make it usable for any other research or clinical purposes.
Before the arrival of patients in the nuclear medicine department, AI tools can be coded to manage patient appointments, organize daily schedule, distinguish patients with special needs and priority, determine the amount of radioactivity for each patient, and optimize the daily and weekly program for imaging devices and several other pre-arrival tasks needed for a seamless and cost-effective daily routine.
Triage of requests is another potential role for AI by screening the examination requests and distinguishing the high probability of disease from low probability based on the clinical information in the request form and other information available in institutional archive. This might be of use in making the daily imaging schedule by giving priority to patients with high probability of disease.
Once the patient arrives in the department, AI is technically able to determine the scanning time and prepare the imaging device for each patient, and is potentially able to serve the nuclear medicine physicians by performing pre-reporting workup of raw data obtained from the patients. With the introduction of AI-assisted nuclear medicine systems, qualitative and quantitative image processing and lesion size and volume measurements can be made, radiomic features can be extracted, and SUV calculations and time-dependent changes in the radionuclide uptake in the lesions are theoretically quantified by machine learning programs even more quickly and accurately. A critical role for AI techniques at this stage would be the quality assurance by reviewing the raw data, detecting the motion artifacts and noise and correcting them by applying relevant correction tools without human supervision and intervention.
Also, once the patients are scanned, the AI tools would be potentially coded to screen the scans and decide if additional scans in different positions/regions or at a different time point is needed or in SPECT imaging if and in which area of body the SPECT/CT sections are needed. This feature would reduce the patient waiting time and physician work load.
More importantly, several radiomic features of a tumor or other biological phenomena which are currently not used for routine diagnostic assessment could be analyzed in detail with precision by ML algorithms. New radiomic features that cannot be noticed by human eyes and current qualitative and quantitative tools might be discovered using micro-measurements and highly advanced calculation abilities of AI tools. These radiomic features can be used by reporting physicians or algorithm itself for making a more structured diagnosis. This function of ML may potentially open the way to a better individualized patient care and precision medicine.
As an aid to reporting, advanced machine learning techniques have the potential to withdraw the relevant previous reports, tests, and scans of the same patient from the digital archive and align them with the current scan and even compare key findings and detect disease progress or regression for followup and monitoring purposes. Currently, these tedious prereporting tasks are performed by the nuclear medicine physicians spending a significant amount of time. ML would be of further use in listing the most recently published papers and guidelines that are relevant to the key findings/disease detected on the current scan aiding to prepare a most up-to-date customized patient report. This time-consuming focused literature search made by reporting physician and its inclusion in the patient report as an addendum is already a part of routine clinical reporting for selected examinations in some academic departments.
Dosimetry is another potential area of work for AI tools by performing precise segmentation of organs and lesions and calculations of absorbed dose using data obtained from three-dimensional imaging. This would be potentially useful for both diagnostic and therapeutic radionuclide procedures. Also, optimization of imaging equipment technology, criteria, and parameters through AI tools integrated to gamma camera and PET systems can possibly bring the opportunity of reducing administered activity and imaging time.
The strongest claim to adapt AI in healthcare is indeed the machine reporting of routine diagnostic imaging tests and making a clinically meaningful diagnosis as efficient as a human physician [5] [6] [7] [8] 19 ]. Most AI papers in medical literature therefore focus on head-to-head comparison of the performance of machine algorithms with human physicians. Although repetitive screening tests (particularly twodimensional scans such as mammography and chest X-rays) and possibly CT can easily be assessed and reported by machine learning, probably in a shorter time, with less interobserver variability and greater accuracy than "human" radiologists, more effort and time are required for AI tools to assess more complex diagnostic scans including MR, PET, and SPECT. As the most repetitive and universal standard tests in nuclear medicine practice, renal scan, whole body bone scan, and myocardial perfusion imaging would possibly be the first examinations that could be successfully assessed and reported by ML techniques. AI programs can easily take over the reporting tasks for bone mineral densitometry studies which are already performed and reported in highly standardized universal protocols.
Recent studies reported the use of machine learning techniques in the prediction of diagnosis on CT, MR, SPECT, and PET in a limited number of cases; these results are yet to be validated in a larger data set obtained in clinical setting [20] [21] [22] [23] . While machine reporting sounds to be a threat to imaging professionals (replacement of physicians by AI tools), there are several technical, organizational, financial, ethical, and administrative issues to be resolved before it is implemented in practice.
For follow-up purposes, AI tools have the technical potential to detect (even subtle) changes in the current and previous scans and compare them. This ability would allow us to intervene at an earlier stage of progress or recurrence. Also, this ability can be exploited for monitoring the efficacy of radionuclide or non-radionuclide therapy enabling the physician to timely modify the treatment protocol saving costs and preventing unnecessary side effects.
Once they are validated, ML programs has the potential to make the evidence-based diagnostic reporting a standard in practice and to take over some exhaustive work load by performing repetitive, time-consuming, and monotonous tasks. This may even result in improved patient care and increased life quality of physicians in whom "burnout syndrome" due to heavy work load has been getting a serious problem. For example, voice interaction with AI-aided imaging devices and reporting computers through speech recognition technology which is currently used for reporting only is another potential area of AI applications to save physician's time that can be used more efficiently for patient interaction.
Challenges
While AI promises several potentials for future clinical applications, there are also several technical, administrative, financial, and legal challenges that should be taken into consideration in the implementation and commercialization of AI tools in nuclear medicine. The first challenge is the need for huge amount of machine consumable data (millions of digital images, records, and reports) to train the AI programs. It is not always possible to have this amount of archived data in a single institution, city, or region. The first solution would be to initiate collaboration to gather sufficient amount of data in a city, region, or country. Even this effort has its own inherent problems: first of all, it may be difficult to have in different institutions, cities, and regions the digital data stored in a standard machine-consumable format. Second problem with this effort could be the legal aspects of protected health information (PHI) as almost all digital archives contain metadata (for example patient identifiers) for each image. The PHI must be removed in a tedious time-consuming effort from the images before they are fed to the AI machine. Third issue would be the copyright of the training data in such a multilateral collaboration. Another problem associated with a comprehensive collaboration to have sufficient amount of data needed to train the algorithm covering different regions or countries is that initial experience showed the same AI algorithm trained with data of one region might give misleading results, possibly due to racial and demographic features [24] . So, it does not seem to be possible to simply buy an AI program trained with data from different regions or countries and implement it in your region or country. Technical advances and further refinements in future may allow the AI algorithms to be trained by a smaller amount of data or even simulated data (images), eliminating the need for multilateral collaboration.
The second challenge for AI application in nuclear medicine is the need for enormous amount of expert labor to label the patient images, records, and reports to make it ready for the machine to consume because even small mistakes in labeling the images and feeding the machine for training can cause systematic error in the final output. The time-consuming task of annotation should therefore be done by expert nuclear medicine professionals for the current AI techniques at the moment.
A time-consuming challenge includes the tedious work of anonymization of digital data. The images, records, and reports in digital archive should be anonymized for deidentification before feeding to the AI program. Recent initial efforts in progress promise hope for machine deidentification through AI tools.
An imminent challenge is associated with the content of nuclear medicine education. The practicing nuclear medicine professionals should be educated for AI literacy in order to use and manage the algorithm effectively. This education must be further extended to residency training and medical school curriculums that should be supported with relevant mathematics, algebra, statistics, and computing knowledge.
Another challenge is about the need for collaboration of computer scientists and nuclear medicine professionals. In addition to the requirement of knowledge in mathematics, algebra, statistics, and computing, implementation of medical AI algorithms requires branch specific knowledge. Computer scientists who are equipped with mathematics, algebra, statistics and computing knowledge are not expected to have the essential medical background to be able to define medical criteria for the algorithm, to train the machine with correct diagnostic findings or therapeutic decisions and to validate the whole program in a clinical setting. Active, timeconsuming involvement of nuclear medicine professionals in collaboration with computer scientists (both whom have different working culture) is required at several stages of creating and implementing an AI tool.
The medicolegal aspect of AI-aided diagnosis and recommendations is a significant challenge. Who will be held responsible for the mistakes of AI program ("AI malpractice") is not yet widely studied. This issue requires close collaboration of nuclear medicine professionals, government agencies, legal professionals, and insurance companies. The reimbursement of AI-aided services will add new dimensions to the discussion on the pattern of payment to the physicians: the fee-for-service model may be replaced by value-based salaried system.
As a diagnostic aid, licensing of AI programs as a "medical device" will be mandatory for real-life clinical applications before commercialization. This requirement will bring further challenges of validation standards and approval criteria and new quality control parameters.
Finally, the cyber security of AI programs containing sensitive health information brings another challenge to the efforts of implementation in clinical practice. Integration of AI programs in current imaging technologies (PET and SPECT systems), digital archives, and patient management systems requires connection to the Internet, creating significant cyber security risks and making patient data vulnerable to hacking.
One question still remains unanswered: if machine learning tools learn forever from the data they are exposed to, could they become one day a "superintelligent" machine (i.e., more intelligent than human, surpassing human's intelligence) or should we stop them at some point of development?
For a smooth transition to new smart era, new guidelines within EANM, SNM, and national societies are needed for the involvement of AI tools in our practice. Also, current guidelines might need to be updated to address the AI-associated issues. This special issue of EJNMMI may serve to stimulate interest in AI concepts and techniques in nuclear medicine community and also the efforts to establish a task force or committee within EANM specifically working on the impact of AI applications in our practice and the policies required for a seamless implementation of AI tools in the field of nuclear medicine.
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